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ABSTRACT

The selection pressure of predation has encouraged the development of defense traits that
can make an individual species more environmentally stable. In addition to biotic pressures,
abiotic factors could lead to disruption of predator-prey balance within ecosystems.
Consequently, it is significant to better understand how environmental factors can influence
predator-prey interactions and how responses may, in turn, affect communities. A current
challenge within microbial communities is to understand which intraspecific traits associated
with such defense strategies are important for microbial-prey responses to predation, and how the
responses vary across environments revealing GxE interactions. In this study, I examined
microbial-predator prey interactions using social bacterium Myxococcus xanthus as prey to
Caenorhabditis elegans and Pristionchus pacificus nematode predators within laboratorycontrolled microenvironments. I combined quantitative analyses with growth rate calculations to
an experimental approach to measure the effects of temperature, resource availability, and
predator presence on the defense response of various M. xanthus genotypes. I found that traits
associated with full motility were effective responses to nematode predation, and that deficient
defense strategies of M. xanthus were consequences of life-history trade-offs and lack of Type
IV pili. In addition, I discovered that M. xanthus possess generalist defense traits, as opposed to
specific, and expressed such traits relatively equally in response to two distinct nematode
predators. Finally, I found that the effectiveness of defense traits by M. xanthus varied across an
abiotic gradient when exposed to predation, and that temperature was the leading determinate in
the outcome (i.e., effectiveness of defense) of the species-interaction.
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CHAPTER ONE:
UNDERSTANDING MYXOCOCCUS XANTHUS STRATEGIES FOR RESISTING
PREDATION
INTRODUCTION
Predation, defined here as an interaction in which individuals of one species kill and
consume the biomass of another species, is a common ecological interaction and models
describing the dynamical relationship between predators and their prey are amongst the earliest
phenomena within the field of ecology (Berryman, 1992). These interactions are important in
maintaining biodiversity across all ecosystems, as species are essentially kept under control by
one another. This regulation often leads to cyclical patterns of predator and prey abundance in
the ecosystems in which they reside (Agrawal et al., 2007). Because predation is a strong
selection pressure, it has led to the evolution of attack and defense traits in predators and prey,
respectively. The ecological and evolutionary consequences of predator-prey interactions can
increase community stability across a range of ecosystems (Schmitz, 2017).
Examples of adaptations to defend against predation pressures are widespread in nature.
However, linking critical defense traits in response to predation and population dynamics is not
fully understood, regardless of its important role in shaping and maintaining ecosystem diversity
(Gu et al., 2020). Historically, ecological studies have tended not to focus on intraspecific
phenotypic variation for understanding ecological dynamics and did not distinguish among
individuals of the same species. More recently, the importance of intraspecific phenotypic trait
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variation has become increasingly clear, as rapid evolution has been shown to alter ecological
outcomes (Bolker et al., 2009).
Microbial communities are composed of a diverse array of microorganisms. Such
communities underlie virtually all known ecosystems and play a significant role in biological
processes such as primary production, nutrient cycling, and decomposition. Bacterial species in
microbial ecosystems are subject to predation, and this pressure is a major driver of the
functional structure of microbial communities, not unlike in systems of macro-organisms
(Griffiths et al., 1999). In general, resisting predation improves survival in top-down controlled
communities, and an abundance of bacteria across phyla have evolved a variety of defense
mechanisms that reduce predation pressure (Matz & Kjelleberg, 2005). For example, across
bacterial phyla, all species have developed enzymatic defense mechanisms to mitigate cellular
damage from reactive oxygen species exuded by bacteriophages (Johnson & Hug, 2019).
Although the investigation of bacterial defense strategies has been gaining momentum over the
years, a current challenge is to understand which phenotypic traits associated with such defense
strategies are important for microbial-prey responses to predation (Jousset, 2012).
Myxococcus xanthus (Thaxter, 1892) is a globally distributed Gram-negative bacterium
that is found in damp soil rich in organic matter. Myxococcus xanthus is a bacterial predator,
consuming other bacterial species as resources, and has been used as a predatory species in
laboratory microbial studies (e.g., Mendes-Soares & Velicer, 2013; Velicer, Kroos, & Lenski,
2000). While M. xanthus is a predator of other microbes, it can be subject to predation itself by
larger organisms in microbial systems, effectively making it a microbial mesopredator. M.
xanthus has been used as a model system in both molecular genetic studies of prokaryotic
development (Mahajan-Miklos, Tan, Rahme, & Ausubel, 1999), and as a model for experimental
2

evolutionary studies in the lab (Gerbaba, Green-Harrison, & Buret, 2017). These uses as a model
system has led to the development of sophisticated genetic tools in this species. As such, there
are both defined genetic mutants and laboratory evolved genotypes that vary across a wide array
of phenotypic traits. Using several different genotypes in a single study allows for the
comparison of traits potentially important to predator-prey interactions.
M. xanthus is a social bacterium that exhibits cooperative traits in motility, development,
and predation (Velicer and Vos 2009). When resources are abundant, M. xanthus forms as a
motile biofilm known as a swarm. Under starvation conditions, it aggregates through
multicellular development to form fruiting bodies. Within these fruiting bodies, a minority of
cells differentiate into myxospores (Berleman & Kirby, 2007). In general, myxospores are stressresistant, and can germinate when environmental conditions improve (i.e., more resources
become available); the remaining undifferentiated cells perish. In general, M. xanthus is capable
of moving via a process called gliding, and motility plays an important role in both the formation
of fruiting bodies and in the swarming of vegetative cells (Mauriello & Zusman, 2007). Gliding
motility is utilized by the myxobacteria in two genetically distinct systems. These two systems
are social (S)-motility, which involves Type IV pili and multiple cell-cell communication, and
adventurous (A)-motility, which governs individual cell movements but is not as wellunderstood. Here, I used mutant strains of M. xanthus that can be grouped into three main
categories that may potentially improve defense against predation: differences in motility,
developmental rate to a multicellular fruiting body phase, and biofilm consistency.
Nematodes, or roundworms, are a phylum of organisms that are found in abundance
within soil ecosystems. In particular, Caenorhabditis elegans (Maupas, 1900) are free-living
bacterial consumers, and naturally live in close relation to insects and bacterial species, including
3

M. xanthus. Nematodes are small and relatively simple animals, which has positioned them well
as powerful model organisms in the fields of molecular and developmental genetics (Hong &
Sommer, 2006). However, more recently, they have emerged as a useful model for evolutionary
and ecological experiments due to their relative ease of culture, rapid generation times, and
interactions with diverse organisms.
While research on predator-prey interactions in nature is common, many natural systems
bring practical challenges. For example, many predatory organisms do not reach reproductive
maturity for years (Patil et al., 2015). Even after reaching maturity, there can be prolonged
gestation periods and the incapability to birth more than a handful of offspring, leading to
extended generation times. In addition, predator and prey species often range over large spatial
scales, resulting in difficulties examining behavior and outcomes of predator-prey interactions.
Lastly, in the field, individuals are inevitably affected by uncontrollable factors (e.g., disease and
disturbance), making it more difficult to identify key components of the interactions. While these
components are fascinating in their own right, and significant for the dynamics of many systems,
they introduce complications for the direct study of species interactions.
Laboratory-based microbial studies offer a powerful alternative approach for studying
these ecological interactions with manipulative experiments in controlled environments. This
approach involves the use of microbial species with rapid generation times and small physical
size, making them easy to manipulate in a specific laboratory setting (Gray & Cutter, 2014). In
its simplest form, laboratory ecological studies combine the multiple generation culturing of
populations in a constructed ecological scenario, and the quantification of population changes
over time within the populations. This approach eliminates many of the challenges of field
studies above. Over the years, studies utilizing this approach have effectively demonstrated it to
4

be an extremely influential method for testing evolutionary theory (Kawecki et al., 2012). While
these approaches can lack the biological realism of field studies, they are valuable because they
allow for tightly controlled environmental conditions and highly replicable experimental designs.
In this study, I used an experimental approach in the laboratory with controlled pairwise
microbial predator-prey interactions using M. xanthus as a prey species and C. elegans as
predators in order to identify bacterial traits that are significant for resisting predation. More
specifically, I asked the questions: Does M. xanthus show genetic variation for resistance to
predation? In particular, are certain defined and evolved M. xanthus genotypes more effective at
resisting predation than others? I hypothesized that there would be significant variation in
response to predation, and that certain mutants would be more effective at resisting predation
than others based on their phenotypic variation. Moreover, I predicted that M. xanthus mutants
that exhibited full A+S+ motility, GJV1 and GJV2, would most effectively resist predation
(Velicer et al., 2006), while DK3470 would be the least effective of all strains, as the lack of
extracellular fibrils disables motility from individual cells and creates a less “sticky” consistency
in the bacterial population (Sun, Yang, & Shi, 1999).
Prior studies generally involved use of myxobacteria species as predators of other
microbes (Mendes-Soares & Velicer, 2013). For this reason, the novelty in presenting M.
xanthus as prey to nematodes in this study allowed for the identification of potential defensive
traits in a bacterial mesopredator. While the current study focused on ecological outcomes, and
neglected the process of evolution (i.e., no ongoing selection), the approach here provides
preliminary data and methods that will form the framework for studying the evolutionary change
of particular phenotypic traits in later experiments.
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MATERIALS
I. Bacterial Strains
All Myxococcus xanthus strains used in this study were received via frozen stocks from
the Velicer lab (ETH Zurich, Switzerland), and varied in motility genotype, developmental rate,
and biofilm consistency (Appendix A, Table 1). GJV1 and GJV2, both clones of standard lab
strain DK1622 (Hillesland, Lenski, & Velicer, 2007), served as wildtype strains with full
motility (A+S+). Contrarily, strains GJV4 and GJV6 contained a deletion of the pilA and cglB
genes from GJV1 (Hillesland & Velicer, 2005), resulting in limited social motility, but
retainment of adventurous motility (A+S-). GVM19 exhibited rapid development to the
multicellular fruiting body phase relative to the wildtype, while GVM26 displayed a decreased
rate of development to the fruiting body phase; both of these strains have been evolved in the lab
with multiple mutations accumulated in their genomes, although the specific mutations are not
known (Nair, Fiegna, & Velicer, 2018). Finally, DK3470 (a dsp-1693 mutant), lacked
extracellular fibrils necessary to make a robust extracellular matrix, making it less sticky in
biofilm consistency, while still retaining full motility (Sun et al., 1999).
II. Nematode culture
Populations of Caenorhabditis elegans, used as a predatory species in this study, were
cultivated under standard conditions (Barrière & Félix, 2006). For the propagation and
maintenance of laboratory nematode populations, wildtype N2 cultures ordered from the
Caenorhabditis Genetics Center at the University of Minnesota were grown at 20°C on 100mm x
15mm nematode growth media (NGM) agar plates with lawns of the standard food organism,
Escherichia coli strain OP50. These populations were periodically transferred to fresh NGM
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plates with a new OP50 lawn (a process called “chunking”, that involves using a sterile spatula
to move a chunk of agar containing hundreds of worms to a new plate).
METHODS
I. Growth conditions of Myxococcus xanthus laboratory cultures
Cultures of each Myxococcus xanthus strain were inoculated from frozen stocks into 8ml
CTT liquid media (10 mM Tris pH 8.0, 8 mM MgSO4, 10 g l-1 casitone, 1 mM KPO4) in 50ml
flasks. The inoculated cultures were then placed into an incubated shaker (32°C, 300rpm) for 96
hours. Five replicates of seven M. xanthus strains were inoculated, resulting in a total of 35
culture flasks for each experimental trial.
II. Caenorhabditis elegans synchronization
Three days after chunking worms onto fresh NGM plates with OP50, plates with an
abundance of eggs laid by adult worms were harvested, washed with M9 buffer (3 g KH2PO4, 6
g Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, 1 L H2O), and exposed to a 4% bleach solution. This
bleaching ensured that tissues of adult nematodes within the population were degraded but
allowed for the eggs to survive. While rotating in Eppendorf tubes filled with fresh M9 buffer,
these eggs then hatched into juvenile L1 stage worms after 24 hours. To eradicate any E. coli
contamination, the working concentration (a solution diluted from the stock concentrate for
actual use) of the antibiotic gentamicin (50µg/ml) was added to each tube of bleached nematode
eggs and M9 while rotating. This protocol resulted in a sterile, synchronized population of
juvenile L1 C. elegans.
III. Predation assay
In order to homogenize the initial densities of the M. xanthus cultures after growth, 200µl
of each liquid culture was added into a single well within a 96-well microplate where the initial
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optical density (OD600) was recorded via a spectrophotometer. Next, 1.5ml of each culture was
centrifuged at 13,000xg for 2 minutes, and pellets were resuspended to ~5 x 109 cells ml-1 into
TPM liquid buffer (10 mM Tris-HCl [pH7.6], 1 mM KH2PO4, 8 mM MgSO4). A second OD600
reading was then recorded that included 10µl of the newly resuspended culture into 0.5ml of
TPM buffer. This OD600 reading was considered to be the starting initial density of each M.
xanthus strain. Finally, 10µl from the resuspended culture was plated in a central spot on CTT
media 1% agar plates and allowed to dry. Synchronized L1 nematodes were then counted in a
series of10µl aliquots to calculate an approximate number of L1 nematodes per milliliter. An
estimated 20-25 nematodes were desired for each experimental predatory plate.
IV. Post-interaction harvest
To determine the final density of each culture following the predator-prey interactions,
cells from each microenvironment were harvested into an Eppendorf tube with 1.5ml TPM
buffer. Each tube was then spun at 13,000xg for 2 minutes, and 1ml of supernatant was removed.
The bacterial pellet was resuspended in the remaining supernatant (0.5ml), and the final OD600
was measured. These initial and final density readings were used as proxies for population size to
calculate the growth rates of each M. xanthus strain. Growth rate, r, was calculated as the natural
logarithm of the ratio of final to initial OD600 (r=ln(Nt/N0)).
Overall, experimental treatments included the presence or absence of nematode predators
to seven M. xanthus strains, with five replicates of each over four trials (7 M. xanthus strains x 2
predator treatments x 5 replicates x 4 experimental trials). Thus, for each trial, 35 plates
contained C. elegans + M. xanthus, and 35 plates contained M. xanthus in isolation. The
predator-prey interactions were evaluated daily by microscope images at every 24 hours for
observation and comparison, and proceeded for 72 hours at 20°C. The experimental design for
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this research objective is diagrammed in Figure 1. The experiment was conducted four
independent times, resulting in four “trials”.

STATISTICAL ANALYSES
All statistical analyses were conducted in R (The R Development Core Team, 2017). To
evaluate the differences in growth rate across M. xanthus strains in the absence of C. elegans
predators, I performed a one-way ANOVA using a mixed-effect model with the lmerTest
(Kuznetsova, Brockhoff, & Christensen, 2017) and car (Fox & Weisberg, 2019) packages to
measure the effect of each strain on growth rates (Appendix A, Table 2). Experiment “trial”
(trials 1-4) was included into the model as a random effect to account for between-trial variation
in growth rates, while M. xanthus “strain” (seven strains total, see Appendix A, Table 1) was
included as a fixed effect. Higher growth rates indicated faster growth in isolation after 72 hours
at 20°C. Estimated marginal means (Appendix A, Table 3) were determined via the emmeans
package (Lenth, Singmann, Love, Buerkner, & Herve, 2020), and I calculated significant
differences of growth rates between all strains using Tukey’s HSD post-hoc test (Vogt, 2015).
The ggplot2 package was used to visualize data (Wickham, 2011).
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I used a mixed-effect model and performed a two-way ANOVA using the lmerTest and
car packages to test the effect of each M. xanthus genotype and experimental predator treatment
on growth rates (Appendix A, Table 4). As before, experiment “trial” (trials 1-4) was included
into the model as a random effect to account for between-trial variation in growth rates. In
addition, the variable “replicate”, that was a unique combination of “trial”, “strain” and
“replicate number” was added as a crossed random effect. M. xanthus “strain” and experimental
“treatment” (presence vs absence of C. elegans predators) were treated as fixed effects. The
estimated marginal means were calculated using emmeans, and the package ggplot2 was used to
visualize data (Appendix A, Table 5).
Finally, I performed a one-way ANOVA using a mixed-effect model (lmerTest, car) with
the difference between growth rates in the absence and presence of worms for each replicate and
strain as the response variable (rabsence – rpresence). This response can be thought of as the “effect of
predation” or the “reduction in growth rate” (Appendix A, Table 6). “Trial” was included as a
random effect and “strain” was a fixed effect. Larger differences in growth rates represented
stronger effects of predators (or weaker defense responses) on M. xanthus strains during the 72hour interaction. I calculated estimated marginal means (Appendix A, Table 7) and significant
differences of overall effects of predators using Tukey’s HSD test, and the ggplot2 package was
used to show results.
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RESULTS
I. Myxococcus xanthus growth in isolation
In the absence of C. elegans predation, the growth rates of Myxococcus xanthus mutant
strains used in this study were calculated via optical density (OD600) measurements and observed
daily every 24 hours. Growth rates as well as swarm phenotype varied significantly between
strains after 72 hours of growth (Appendix A, Table 2, F6, 130=9.1, P<0.001, Figure 2).
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Of the seven M. xanthus strains tested, all had positive growth rates, and GJV1 and GJV4
revealed the highest growth rate compared to the others (Figure 3). This result is a bit surprising,
as GJV4 lacks ‘S’ motility which limits the ability to spread outward on the plate. GVM26
revealed the lowest growth rate. Overall, these results support the initial hypothesis that there
would be variation in growth rate among M. xanthus genotypes in the absence of any selection
pressures.
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II. Effect of C. elegans on the growth rates of M. xanthus genotypes
To evaluate the effect of nematode predation on the growth rates of each M. xanthus
strain, I quantified growth rates both in absence and presence of approximately 25 C. elegans
individuals (Figure 4). All strains revealed increased growth rates in isolation compared to in the
presence of C. elegans predators, regardless of phenotype (Figure 5).

There was, however, a significant interaction between M. xanthus genotype and predator
treatment (Appendix A, Table 4, F6,133=2.4, P<0.01). DK3470, GJV4, GVM19, and GJV1
revealed the greatest differences in growth rate in the presence and absence of predators.
Notably, some strains exhibited mean growth rates below zero, indicating a decreasing
population size in the presence of nematodes.
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An additional way to quantify the effect of C. elegans on the growth rate of M. xanthus
was to calculate the difference in growth rate between the presence and absence of predator
treatments for each strain (rabsence – rpresence). Larger values represent more effective predation
(i.e., weaker defense) and low values suggest weak predation (i.e., relatively effective defense).
Results show that C. elegans reduced population growth rate in all strains, but that the magnitude
varied among genotypes (Appendix A, Table 6, F6,130=3.1, P<0.01; Figure 6). In particular,
GJV4, a mutant that lacks full motility, was impacted the most severely from C. elegans
predators.
14
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DISCUSSION
With this study, I first determined the growth rates of seven Myxococcus xanthus mutant
strains, all differing at some level in their phenotypic expressions of motility, developmental
speed, and biofilm consistency. In the absence of predators, M. xanthus strains revealed overall
variation in their growth rate, as expected (Appendix A, Table 2). More specifically, GJV1 and
GJV4 revealed the highest growth rates, respectively, suggesting that a deficiency in motility
may not necessarily impact overall growth when there are no predators present. For example,
while the leading edge of GJV1 (A+S+) expanded in diameter over time, GJV4 (A+S-) became
increasingly dense in the surrounding area, evident by a smaller and darker biofilm within the
microenvironment (see Figure 7).

However, increased cell density does not explain the extremely low growth rate of strain
GVM26 (which has no defined motility mutations) or the significant differences in growth rates
between rifampicin-resistant mutants to their respective clones (GJV2 to GJV1, and GJV6 to
GJV4). A possible explanation for these occurrences is that carriage costs of rifampicin16

resistance result in a growth rate deficiency. Nair et al. (2018) stated that all ancestral genotypes
used in their particular study showed fruiting bodies after two days except rifampicin-resistant
variants, suggesting costs of antibiotic resistance across life history traits. In addition, although
resources were readily available in this case, it is known that strain GVM26 generally exhibits a
decreased development rate compared to the wildtype (Nair et al., 2018).
I then quantified effective defense against Caenorhabditis elegans predation in these
strains of Myxococcus xanthus. As expected, there was variation among M. xanthus strains in
defensive response, indicated by significant interactions between strain and predator treatments
on M. xanthus growth rate (Appendix A, Table 4). Results showed that the least effective defense
traits out of the seven exhibited by M. xanthus include the lack of extracellular fibrils shown by
DK3470, and the loss of social (S) motility, by GJV4. Contrary to the effect that loss of ‘S’
motility has on M. xanthus growth rate in isolation, this mutation seems to be detrimental to the
rate of growth when C. elegans is present. Type IV pili are cellular structures involved in cell
recognition and cell binding (Shimkets, 1986), and are essential for coordinated cell movement
in swarms and aggregation (Spormann, 1999). It is possible that the dense cell aggregations of
swarms with functional pili allow cells to escape predation through restricted access of nematode
mouthparts to cells, whereas in the absence of pili individual cells may be more exposed to
predation risk.
GVM19, a strain that evolved faster development in laboratory conditions (Nair et al.,
2018) had decreased growth rate in the presence of C. elegans. Such a low growth rate could be
due to life-history trade-offs, in which an increase in one life history trait value leads to decrease
another life history trait value. In the case of strain GVM19, it is possible that mutations leading
to rapid development have antagonistically pleiotropic effects on performance in the presence of
17

predators. Such trade-offs revealing pleiotropic effects on components of fitness are common
across taxa (Berenbaum, Zangerl, & Nitao, 1986).
On the other hand, data also showed that M. xanthus traits associated with full (A+S+)
motility and a reduced rate to multicellular fruiting body stage were the most effective response
to predation, a finding supported by previous studies that reveal that full swarming capability is
necessary for cooperation (Velicer & Yu, 2003). Adequate maneuverability and development to
a beneficial life stage in the presence of a selective pressure are potentially key resistance
strategies (Dahl, Ulrich, & Kroft, 2011), and M. xanthus mutants GJV1, GJV2, and GVM26
possess such traits. In the case of this study, it is possible that while M. xanthus was not
physically moving away from C. elegans predators due to spatial limitations within the
microenvironment, the combination of adventurous and social motility allowed for the
population to form into a denser biofilm swarm that may be more challenging to prey upon.
Further analyses regarding the connection between physical movement and spatial constraints on
M. xanthus should be conducted to understand the specific role motility plays against predation
in laboratory conditions.
Defensive mechanisms are ubiquitous across all biological systems. For example, plants,
animals, fungi, and other prokaryotic microbes are capable of deterring predators and herbivores
in a number of ways that include physically moving out of harm’s way, producing toxins, and/or
changing morphologically, although the specific traits associated with those mechanisms differ
among species (Rasmann & Agrawal, 2009). From an ecological perspective, physiological and
behavioral responses of organisms to selection pressures and environmental cues can be easily
confused. For example, an organism’s capacity to endure unfavorable conditions is known as
tolerance (Oliver, Leather, & Cook, 2009). Under these circumstances, a population of
18

individuals may not decrease, but rather their physical or chemical attributes are modified in
order to withstand the pressure. In this situation, the fitness consequences in the unfavorable
environment can be offset in time. Another category of defense response is known as avoidance,
in which organisms actively stay away from detrimental predators and/or environmental settings
or remain undetected (Lamon & Topoff, 1981). Traits that are linked to these responses include
mimicry, maneuverability, and spatial recognition. On the contrary, the action of resistance to an
intolerable or unavoidable circumstance has been shown to reduce the damage of such pressure
(Rausher & Simms, 1989), and include traits associated with morphological changes and
development. In the case of this study, strains with full motility were most capable of avoiding
and resisting predation, evident by increased growth rates. In the future, it would also be worth
assessing the chemical composition of the diverse secondary metabolites generated by M.
xanthus (Krug et al., 2008) and how they are associated with defense against predation.
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CHAPTER TWO:
DETERMINATION OF GENERAL OR SPECIFIC M. XANTHUS DEFENSE TRAITS
INTRODUCTION
Identifying species as generalists or specialists in nature is important for understanding
which species may potentially be susceptible to changes in the environment or have negative
effects on the ecosystem (Bell & Bell, 2021). Species with more specialized interactions may be
more susceptible to changes in the environment if their specific partners are lost from
communities; by contrast, generalist species may be able to shift interactions to other species.
Previous studies have shown that the removal of specialist taxa negatively affects the functioning
of ecosystems (Gámez-Virués et al., 2015). Determining whether bacterial species are more
generalist or specialist in their species interactions will allow for the better understanding of the
dynamics of species interactions in microbial communities.
Overall, specialists have relatively narrow environmental tolerances, while generalists
show broad environmental tolerances, where environmental factors could be abiotic or biotic.
(Pandit, Kolasa, & Cottenie, 2009). Although insurance against changing environments is among
the broad adaptations of generalists, specialist species tend to perform at a more efficient rate,
giving them the ability to potentially outperform generalists in particular environments. This
results in a generalist-specialist trade-off that persists in variable environments across taxa
(Seebacher, Ducret, Little, & Adriaenssens, 2015). The selection pressure of predation has led to
the evolution of defensive traits in prey species, and such traits could further be categorized as
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either generalist or specific. For example, insects that are capable of mimicry are specialists that
express specific structural traits depending on their species identity of their predators (Farkas,
Mononen, Comeault, Hanski, & Nosil, 2013). By contrast, some defensive traits may be more
general (e.g., body armor, refuges). Here, I am testing whether prey defenses in a bacterium are
species-specific or more general (effective against multiple predators).
Because both bacteria and nematodes naturally reside in close connection with one
another, are quick to grow and easy to manipulate in the lab, they comprise a useful model
system for understanding the relationship between predators and prey in a controlled laboratory
environment. The nematode species Pristionchus pacificus (Sommer, 1996) is a free-living
organism that predates on bacteria. However, in addition to consuming bacteria, P. pacificus is
an omnivorous species, eating organisms such as fungi, and even other nematodes (Fürst Von
Lieven & Sudhaus, 2000). While P. pacificus is fairly similar to C. elegans in body size, other
features of their physical appearance vary. For example, in general, C. elegans appear to have a
longer and thinner body when compared to P. pacificus (Figure 8A). Furthermore, studies have
revealed a eurystomatous mouth form present in P. pacificus, likely facilitating its omnivorous
trophic position (Fürst Von Lieven & Sudhaus, 2000). This mouth form is broad in width and
contains specialized structures such as denticles and a claw-like dorsal tooth (Figure 8C).
Ultimately, this eurystomatous mouth morphology is well suited to eating larger prey items.
Caenorhabditis elegans show only a narrow buccal cavity and simple muscular mouthpart that
aids in consuming bacteria, characterizing the species as obligately bactivorous (Figure 8B).
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In this study, I used an experimental approach to quantify the strength of predation of
both C. elegans and P. pacificus on M. xanthus. My primary goal was to determine whether traits
linked to defense in M. xanthus identified in Chapter One were associated with more general or
species-specific responses. More specifically, I asked the question: Does M. xanthus genetic
variation for resistance to predation vary between nematode predator species? I hypothesized
here that there would be a significant variation in defense responses, both among M. xanthus
strains and between C. elegans and P. pacificus. I assessed growth rates of all M. xanthus strains
in the presence and absence of C. elegans and P. pacificus predators.
As in Chapter One, the overall interpretation of the experimental design is that significant
differences between predator treatments (i.e., presence or absence) on M. xanthus growth rate
suggest a greater effect of predation and weaker defense against predation. On the other hand, if
growth rate is not affected by the absence of predators, we conclude that predation is a relatively
weak force (i.e., stronger defense). In addition, I predicted that M. xanthus would be able to resist
predation more effectively against C. elegans predators compared to P. pacificus, because P.
pacificus nematodes generally have broader mouthparts. Moreover, I predicted that there would
be an interaction between M. xanthus genotype and responses between C. elegans and P.
pacificus, suggesting that defense traits are species-specific. In other words, certain defense traits
may be more effective against one predator, but not the other.
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MATERIALS
I. Bacterial strains
The same Myxococcus xanthus strains were used in this study as in Chapter One, and
varied in motility genotype, developmental rate, and biofilm consistency (Appendix A, Table 1).
GJV1 and GJV2 served as wildtype strains with full motility (A+S+). GJV4 and GJV6 contained
a deletion of the pilA and cglB genes from GJV1 (Hillesland & Velicer, 2005), and therefore
were restricted to non-social motility (A+S-). GVM19 exhibited rapid development to the
multicellular fruiting body phase relative to the wildtype, while GVM26 displayed a decreased
rate of development to the fruiting body phase; both of these are laboratory evolved and their
specific mutations are not known (Nair et al., 2018). Finally, DK3470, a dsp-1693 mutant, lacked
extracellular fibrils necessary for generating a robust extracellular matrix, resulting in a less
sticky consistency when grown on solid media. (Sun et al., 1999). All strains were provided by
the Velicer laboratory (ETH Zurich).
II. Nematode cultures
Two species of nematodes, Caenorhabditis elegans and Pristionchus pacificus were
utilized as predators to Myxococcus xanthus in simulated microenvironments. The two species
were ordered from the Caenorhabditis Genetics Center at the University of Minnesota and were
cultivated and maintained under standard conditions on NGM agar plates seeded with E. coli
OP50 at 20°C (Pires da Silva, 2005).
METHODS
I. Growth and condition of Myxococcus xanthus laboratory cultures
Cultures of each strain were inoculated from Myxococcus xanthus frozen stocks into 8ml
CTT liquid media (10 mM Tris pH 8.0, 8 mM MgSO4, 10 g l-1 casitone, 1 mM KPO4) in 50ml
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flasks. The inoculated cultures were then placed into an incubated shaker (32°C, 300rpm) for 96
hours. A total of 35 flasks were inoculated, as there were five replicates per mutant strain.
II. Caenorhabditis elegans and Pristionchus pacificus synchronization
72 hours after transferring a subpopulation of worms (of either species) to a fresh culture
plate, NGM plates with an abundance of eggs laid by adult worms were harvested and washed
with M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, 1 L H2O), then
submerged to a 4% bleach solution. This method killed and degraded adult worm tissue but
allowed for the laid eggs to remain viable. Eggs survived and hatched simultaneously into the
juvenile life history stages after rotating in Eppendorf tubes filled with fresh M9 buffer for 24
hours. To remove any residual E. coli from the culture plate, a working concentration (a solution
diluted from the stock concentrate for actual use) of the antibiotic gentamicin (50µg/ml) was
added to each tube of bleached nematode eggs and M9 while rotating. This process resulted in a
synchronized population of juvenile worms that are sterile with respect to E. coli OP50.
III. Predation assay
In order to homogenize the initial densities of the M. xanthus cultures after growth, 200µl
of each liquid culture was added into a single well within a 96-well microplate where the initial
optical density (OD600) was recorded via a spectrophotometer. Next, 1.5ml of each culture was
centrifuged at 13,000xg for 2 minutes, and pellets were resuspended to ~ 5 x 109 cells ml-1 into
TPM liquid buffer (10 mM Tris-HCl [pH7.6], 1 mM KH2PO4, 8 mM MgSO4). A second OD600
reading was then recorded that included 10µl of the newly resuspended culture into 0.5ml of
TPM buffer. This OD600 reading was considered to be the starting initial density of each M.
xanthus strain. Finally, 10µl from the resuspended culture was plated centrally on hard 1% CTT
media agar plates and allowed to dry. Synchronized nematodes were then counted in 10µl
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aliquots to generate an approximate number of freshly hatched worms per milliliter. An
estimated 20-25 nematodes were desired per microenvironment in order to observe optimal
predation.
IV. Post-interaction harvest
To determine the final OD600 of each culture following the predator-prey interactions,
cells in each microenvironment were harvested and scraped into an Eppendorf tube with TPM
buffer to 1.5ml. Each tube was then spun at 13,000xg for 2 minutes, and 1ml of supernatant was
removed. The bacterial pellet was resuspended in the remaining supernatant, and the final OD600
was measured. These initial and final OD600 measurements were used to calculate the growth
rates, r, of each M. xanthus strain as r=ln(Nt/N0).
This experiment was conducted in the exact same way two separate times, resulting in
two trials. In this case, experimental treatments included predator species (C. elegans or P.
pacificus), and either the presence or absence of predators to all seven M. xanthus strains, with
five replicates of each (2 predator species x 2 predation treatments x 7 prey strains x 5 replicates
x 2 experimental trials). Thus, for each trial, 35 plates, or microenvironments, contained C.
elegans + M. xanthus, 35 plates contained P. pacificus + M. xanthus, and 35 plates contained M.
xanthus in isolation. The interactions were evaluated daily and allowed to occur for 72 hours at
20°C. Microscope images were taken every 24 hours for observation and comparison. A
schematic for this experimental design is shown in Figure 9.
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STATISTICAL ANALYSES
All statistical analyses were conducted in R (The R Development Core Team, 2017). I
first used the lmertest (Kuznetsova et al., 2017) function to fit a mixed-effect one-way ANOVA
model using the car package (Fox & Weisberg, 2019) to determine the overall effect of each
nematode predator on all M. xanthus genotypes combined (Appendix B, Table 8). The model
included the experimental “trial” (trials 1-2) as a random effect to account for between-trial
variation in reduction in growth rate, while nematode “predator” (C. elegans or P. pacificus) was
included as a fixed effect. Significant differences between the results of the effects of predators
for all strains were determined using a Tukey HSD test (Vogt, 2015) to determine the overall
effect of each nematode predator on all M. xanthus genotypes combined, and estimated marginal
means (Appendix B, Table 9) were measured via the emmeans package (Lenth, Singmann, Love,
Buerkner, & Herve, 2020b). The package ggplot2 was used to visualize data (Wickham, 2009).
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I then determined the effects of strain, predator species, and treatments on the growth rate
of each M. xanthus genotype individually by performing a three-way ANOVA using a mixed
effect model (lmertest, car). As before, experimental “trial” was included as a random effect.
Additionally, “replicate” (a unique combination of trial, strain, and replicate number) was also
treated as a random effect to account for all replicates across each experimental trial. Three
variables: M. xanthus “strain” (seven total strains, see Appendix A, Table 1), “predator”, and
“treatment” (presence or absence of nematodes) were fixed within the model (Appendix B, Table
10). Again, significant main effects and interactions between variables were measured via Tukey
HSD test as well as estimated marginal means using emmeans. I graphed the results using
ggplot2.
Finally, I compared the relationship of the effect of C. elegans predators between Chapter
One and Chapter Two on M. xanthus growth rates. Specifically, I used a Kendall’s Tau Rank
Order Correlation test (Maturi & Abdelfattah, 2008)

27

RESULTS
I. Effect of C. elegans and P. pacificus averaged over all M. xanthus strains
Growth rates of all seven strains of M. xanthus were calculated from OD600
measurements in the presence of either C. elegans or P. pacificus. Predators did have a
significant effect on M. xanthus (Appendix B, Table 8, F1,137=13.7, P<0.001) In particular,
averaged over all strains, C. elegans had a greater negative effect on the growth rates of all M.
xanthus strains compared to P. pacificus (P<0.001; Figure 10). This was surprising, as P.
pacificus individuals generally tend to have larger mouthparts. Overall, this data does not support
the hypothesis that M. xanthus would be able to resist predation more effectively against C.
elegans than P. pacificus.

28

II. Myxococcus xanthus growth rates in presence and absence of nematode predators
I then examined the growth rates for each M. xanthus strain in response to each predator
species. In all cases, M. xanthus had greater growth in the absence of predators, as anticipated
(Figure 11). In addition, variation between M. xanthus strains in response to predation from
either predator was evident. However, the interaction between strain and predator species was
not significant (Appendix B, Table 10, F6,126=0.8, P=0.55). This lack of interaction between
strain and predator species can be clearly visualized as consistent predation effects across strains
caused by C. elegans and P. pacificus are evident (Figure 12).
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III. Relationship of the effect of C. elegans predation between Chapter One and Chapter Two
Finally, to quantify the consistency of the effect of C. elegans predation between
Chapters One and Two, a Kendall’s Tau Rank Order Correlation was performed. I found a
positive correlation with a small-medium effect size (R=0.84, P<0.05; Figure 13), suggesting
that there is consistency of predation on the bacterial genotypes between chapters, although there
is still substantial variation.
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DISCUSSION
Identifying traits associated with either generalist or specialist characteristics of microbial
species will aid in defining and understanding their fundamental niches, as well as identifying
species that are at risk due to environmental change (Bell & Bell, 2021). In this study, I found
that the social bacterium Myxococcus xanthus responded differently to two nematode predators,
but that these differences were consistent across genotype (Appendix B, Table 8). While there
were significant differences among prey strains in growth rate due to phenotypic variation,
overall, the relative effect of each predator species was consistent across strains, as there was no
significant interaction between strain and predator species. This suggests that the strength of
selection imposed by C. elegans and P. pacificus predation will be different. Previous studies
have demonstrated that two different predators can influence prey traits in either the same or
opposite directions (Relyea, 2003). In this case, significant variation in the growth rate of M.
xanthus between the nematodes suggest that the traits were impacted in the same direction, but at
different rates.
I found that C. elegans had a much stronger negative impact on the growth rates of all M.
xanthus strains than did P. pacificus. Such results are surprising, as P. pacificus individuals tend
to have broader mouthparts compared to C. elegans. This finding essentially contradicts the
results in previous studies, that show that omnivorous P. pacificus individuals are capable of
consuming an abundance of prey by use of two mouth specialization morphs (Serobyan,
Ragsdale, & Sommer, 2014). In general, the stenostomatous form is optimized for bacterial
sources and the eurystomatous morph is prime for predation for P. pacificus nematodes (Wilecki,
Lightfoot, Susoy, & Sommer, 2015). It is possible, however, that C. elegans were more
impactful to M. xanthus mutants because they are obligately bacteriovorus, and thus are able to
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consume bacteria in a more rapid and effective manner with their simplified mouthpart.
Furthermore, the N2 strain of C. elegans is a lab strain that may be adapted to using bacterial
prey in these precise settings (Frézal & Félix, 2015). In the presence of solely bacteria as prey
within the microenvironment, perhaps the presence of the alternative predatory mouth form in P.
pacificus was hindering its performance in M. xanthus ingestion. Further studies could evaluate
specifically when during nematode development the broadening of the mouthpart occurs, and
how this phenotypic plasticity is expressed in the presence of M. xanthus.
Another potential explanation for the underwhelming effect of P. pacificus on M. xanthus
is the difference in development and life history stages between the nematodes. In this study,
both C. elegans and P. pacificus were introduced to M. xanthus at approximately the same time,
18-20 hours after bleach synchronization. This method was performed in order to ensure that all
nematodes of each species were introduced at the same stage of their life cycle. Although the life
cycle of P. pacificus is similar to that of C. elegans, it differs in that the J2 juvenile stage hatches
from the egg later in development. Thus, at the time of plating with M. xanthus, there was a short
window (~4-6 hours) in which P. pacificus populations are still non-feeding (or feeding at a
much lower rate), than C. elegans. It would be worth conducting subsequent experiments with
these species, with more precise coordination in developmental timing.
In this study, I found that M. xanthus responds in a more general manner to nematode
predation, evident by the similar decline in growth rate across all strains to both C. elegans and
P. pacificus predators, and by the non-significant interaction between them (Appendix B, Table
10). I did, however, find that different predators have an overall stronger predatory effect, but
that this effect was not specifically associated with any of the tested prey genotypes or
phenotypes.
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CHAPTER THREE:
EVALUATION OF ABIOTIC EFFECTS ON DEFENSE TRAITS
INTRODUCTION
Essentially all biological traits are determined by a combination of genotype and the
environment. As outcomes of species interactions are dependent on organismal traits, it is no
surprise that both genotype and environment will inevitably influence these species interactions.
Abiotic factors that are climate related and/or anthropogenic such as temperature, resource
availability and pollution, can influence predators’ ability to pursue and/or capture prey while
also impacting the preys’ ability to defend itself, potentially destabilizing predator-prey
interactions within communities (Gilman, Urban, Tewksbury, Gilchrist, & Holt, 2010).
Consequently, it is important to better understand how outcome of predator and prey interactions
vary with abiotic environmental factors and how this variation may, in turn, affect their
community. More specifically, identifying how specific traits that are associated with such
responses will expand our understanding of how these traits may evolve over time.
Recently, studies have demonstrated the importance of intraspecific phenotypic trait
variation in ecological interactions (Bolker et al., 2009) and the genetics underlying the evolution
of local adaptation within specific environments (Yamamichi et al., 2019). Different genotypes
may vary in independent ways across the same environmental gradients. These genotype-specific
responses are known as gene-by-environment (GxE) interactions (Medeiros et al., 2018). These
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interactions can favor different traits in certain environments, leading to local adaptation (Benito
Garzón, Robson, & Hampe, 2019). Spatial and/or temporal variation in the abiotic environment
can lead to the maintenance of diverse phenotypes and outcomes of interactions when GxE
interactions are present. For example, it was found in a study of flowering plant communities
with pollinators and herbivores that different plant populations were under different selective
pressures, and that the phenotypic traits affected by selection depended on the local interaction
intensity with pollinators or herbivores. Furthermore, it was concluded that some traits were
selected for in most populations while other traits were only selected in few (Gómez et al.,
2009). These findings are indicative of GxE interactions, in which intraspecific phenotypic trait
responses differ across environments (whether biotic and abiotic).
Such gene-by-environment interactions can be visualized using reaction norms (Sae-Lim,
Komen, Kause, & Mulder, 2014), which describe the environmental sensitivity, or difference
between the measurements of a genotype across multiple environments (Falconer, 1990). In
addition, a reaction norm describes the pattern of phenotypic expression of a given genotype
across a range of environmental factors (Manuck, 2010). Reaction norms of multiple genotypes
can be visualized simultaneously for a given range of environments. A significant interaction
(difference in slope among genotypes) between environment and genotype reflects a GxE
interaction for a given phenotype.
In this study, I experimentally measured the interactions between the social bacterium M.
xanthus and C. elegans predators across abiotic environments. I varied temperature and resource
availability, and my primary goal was to determine how traits associated with defense responses
varied with abiotic environmental conditions in order to identify potential genotype-byenvironment interactions. To this end, I asked the question: Do the effectiveness of M. xanthus
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defense traits vary across abiotic gradients? Gene-by-environment interactions would be
measured as the environment specific (i.e., temperature-resource combination) response of M.
xanthus genotypes to nematode predation. I quantified growth rates of all M. xanthus strains in
the presence and absence of C. elegans predators and across distinct temperature and resource
combinations.
I hypothesized that all M. xanthus genotypes would vary across environmental
conditions, representing GxE interactions (differences in slope). Specifically, I predicted that M.
xanthus strains that exhibited full A+S+ motility, GJV1 and GJV2, would most effectively resist
predation at increased temperatures and high resource availability (Janssen, Wireman, &
Dworkin, 1977). I expected the same results for mutants with limited mobility, GJV4 and GJV6,
although I anticipated lower growth rates still relative to fully motile mutants. Results from
previous studies (Nair et al., 2018) led to the hypothesis that GVM19 would resist predation
most successfully in the absence of resources (regardless of temperature) due to rapid
development to the indigestible fruiting body phase during starvation conditions, while GVM26
would result in the opposite way (i.e., effective when resources are present regardless of
temperature) as it is slower to the same developmental stage. Finally, I expected that strain
DK3470 would potentially have the most resistance to predation at elevated temperatures and
casitone levels (compared to other environment combinations) due to general useful ranges of M.
xanthus growth in the laboratory (Janssen et al., 1977), but would be most influenced (i.e., very
low growth rates) by abiotic factors and predators relative to other strains as extracellular fibrils
are absent. If supported, these results would strongly signify GxE interactions of M. xanthus
responses to nematode predation.
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MATERIALS
I. Bacterial strains
As with Chapters One and Two, all Myxococcus xanthus strains used in this study were
received via frozen stocks from the Velicer lab (ETH Zurich, Switzerland), and varied in motility
genotype, developmental rate, and biofilm consistency (Appendix A, Table 1).
II. Nematode culture
Populations of Caenorhabditis elegans, used as a predatory species in this study, were
cultivated under standard conditions (Barrière & Félix, 2006). Populations of the C. elegans
wildtype strain N2 were ordered from the Caenorhabditis Genetics Center at the University of
Minnesota and were propagated in the lab. Populations were “chunked” and grown at 20°C on
100mm x 15mm NGM agar plates with lawns of the standard food organism Escherichia coli
OP50.
METHODS
I. Growth and condition of Myxococcus xanthus laboratory cultures
Cultures of each strain were inoculated from Myxococcus xanthus frozen stocks into 8ml
CTT liquid media (10 mM Tris pH 8.0, 8 mM MgSO4, 10 g l-1 casitone, 1 mM KPO4) inside
50ml flasks. The inoculated cultures were then placed into an incubated shaker (32°C, 300rpm)
for 96 hours. A total of 35 flasks were inoculated, as there were five replicates per mutant strain.
II. Caenorhabditis elegans synchronization
Three days after the chunking method for the propagation and maintenance of nematode
populations, NGM plates containing an abundance of eggs laid by adult worms were washed
with M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, 1 L H2O), then
presented to a 4% bleach solution. This method ensured the standardization of C. elegans age
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after 24 hours, rotating in Eppendorf tubes filled with fresh M9 buffer. Contamination of E. coli
was eliminated by the addition of the antibiotic gentamicin to each tube of bleached C. elegans.
III. Predation assay
Starting densities of the M. xanthus cultures after growth were standardized by taking
200µl of each liquid culture to a single well within a 96-well microplate where the initial optical
density (OD600) was recorded via a spectrophotometer plate reader. Next, 1.5ml of each culture
was centrifuged at 13,000xg for 2 minutes, and pellets were resuspended to ~ 5 x 109 cells ml-1
into TPM liquid buffer (10 mM Tris-HCl [pH7.6], 1 mM KH2PO4, 8 mM MgSO4). A second
OD600 reading was then recorded that included 10µl of the newly resuspended culture into 0.5ml
of TPM buffer. This OD600 reading was considered to be the valid initial density of each M.
xanthus strain. Lastly, 10µl from the resuspended culture was plated centrally on hard CTT
media agar plates and allowed to dry. Synchronized nematodes were then counted in 10µl
aliquots to generate an approximate number of L1 nematodes per milliliter. An estimated 20-25
nematodes were desired per microenvironment of the predator presence treatment in order to
observe optimal predation, discovered from preliminary experiments. The predator treatment in
this study refers to the presence or absence of C. elegans. Additionally, abiotic conditions were
varied by introducing both a resource and temperature gradient. Resource availability was
manipulated so that the key carbon source (casitone) in the media varied from 0% casitone, 1%
casitone, and 2% casitone. A temperature gradient was also generated that included temperatures
of 16°C, 20°C, and 24°C. All possible combinations of resource availability and temperature
were tested, resulting in nine abiotic environmental scenarios. In total, there were 378
experimental plates (7 genotypes x 2 predator treatments x 9 environments x 3 replicates). The
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interactions were evaluated daily via microscope images at 24-hour increments for observation
and comparison for a total of 72 hours.
IV. Post-interaction harvest
The final optical density (OD600) of each culture following the predator-prey interactions
was determined by scraping and harvesting cells in each microenvironment into Eppendorf tubes
with TPM buffer to 1.5ml. Each tube was then spun at 13,000xg for 2 minutes, and 1ml of
supernatant was removed. The final bacterial pellet was resuspended in the remaining
supernatant(0.5ml), and the final OD600 was measured. These initial and final density readings
were used to calculate the growth rates (r=ln(Nt/N0)) of each M. xanthus strain. The overall
design of this experiment is shown in Figure 14.
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STATISTICAL ANALYSES
All statistical analyses were conducted in R (The R Development Core Team, 2017). To
determine how the abiotic variation impacted C. elegans predation on the growth rate of each M.
xanthus mutant strain, I performed a four-way ANOVA using the car (Fox & Weisberg, 2019)
package. The mixed model was generated using lmertest (Kuznetsova et al., 2017) to test the
main effects and interactions between M. xanthus “strain” (Appendix A, Table 1), experimental
“treatment” (presence vs absence of C. elegans predators), “temperature” (16°C, 20°C, 24°C),
and “resource” availability (0% CTT, 1% CTT, 2% CTT). In addition, the variable “replicate” (a
unique combination of strain and replicate) was included as a random effect (Appendix C, Table
11). The package effects was used to visualize data (Fox & Hong, 2009) and estimated marginal
means were calculated via emmeans (Lenth, Singmann, Love, Buerkner, & Herve, 2020).
Finally, significant differences between each effect were determined using a Tukey HSD test
(Vogt, 2015).
In order to generate reaction norms that depicted the efficiency of each genotype across
environmental conditions and in the presence and absence of predators, the dplyr (Wickham,
François, Henry, & Müller, 2019) and tidyverse packages (Lee, Sriutaisuk, & Kim, 2020) were
used. Additionally, the magnitude of the effect of C. elegans predators (rabsence – rpresence) on each
M. xanthus strain was measured by a three-way ANOVA (car) using a mixed effects model
(lmertest) that included “temperature”, “resource” and “strain” as fixed effects and “replicate” as
a random effect (Appendix C, Table 12). The data was represented via ggplot2 (Wickham,
2011).
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RESULTS
I. Biotic and abiotic effects on M. xanthus growth rate
There were significant effects of temperature, resource level, and predator treatment
combined on the growth rates of each M. xanthus strain (Appendix C, Table 11, F24,238=1.8,
P<0.05). The strength of the interactions between the experimental treatments were similar
under some circumstances. For instance, across all temperature increments and in the absence of
resources (0% casitone), the growth rates between predator treatments were low and not
significantly different for any strain (Figure 15, G-I). In fact, in the absence of predators, the
growth rate of M. xanthus was below zero in some instances, representing declining populations.
The same was true for when temperatures were 16°C, regardless of resource availability (Figure
15, A,D,G). At these environmental extremes, M. xanthus has difficulty growing in either the
presence or absence of predation. On the other hand, as temperatures and resource availability
increased, substantial variation in growth rates was observed. Effects of C. elegans were also
observed to be highly variable with elevated temperature and resource availability. Specifically,
there were clear growth rate differences among strains when exposed to high resource
availability (2% CTT) at optimal (20°C) to high (24°C) temperatures (Figure 15, B-C), in the
presence and absence of predators. These differences were also evident at intermediate resource
availabilities (1% CTT) and warmer temperatures (20°C -24°C; Figure 15, E-F). However, both
growth rate and predation trends between strains were fairly similar when subjected to the same
typical lab temperature (20°C) but at intermediate and high nutrient availability.
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Reaction norms show general trends in the effectiveness of defense responses of M.
xanthus across all genotypes, both in the presence and absence of predators and at each
temperature x resource combination (Figure 16). In particular, I found that in the absence of
predators, M. xanthus growth was on average the greatest at the highest temperature and resource
environmental combination (Figure 16A). When C. elegans predators were present, this trend
was similar collectively for M. xanthus, however, the growth rates were reduced, as anticipated
(Figure 16B). General trends revealed that the predation effect (i.e., reduction in growth rate=
rabsence - rpresence) was higher when an intermediate amount of resources were available, regardless
of temperature. (Figure 16C). However, the magnitudes of the predation effect were variable by
strain, revealing differences in the effectiveness of each genotype across abiotic environments
(Appendix C, Table 12, F24,126=1.8, P<0.05).
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Not only were the magnitudes variable, but the environmental conditions at which
predators had their maximum effects caried across strains (Figure 17). For example, the growth
rates of DK3470, GJV6, and GVM26 (Figure 17A, E, G) were most negatively impacted by C.
elegans at normal (1% CTT) casitone levels and the highest temperature (24°C). On the other
hand, GJV1 and GJV2 were weakest against predators when resources were high, and
temperature was normal (Figure 17B-C). GJV4 was significantly impacted when temperature
rose from normal to high at increased casitone availability (Figure 17D), and the magnitude of
the effect on GVM19 was equal when both resources and temperatures were normal, and both
were high (Figure 17F).
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DISCUSSION
Abiotic factors such as temperature and resource availability have been shown to directly
influence organisms’ growth rates and potentially mediate predator-prey interactions (Anderson,
Kiesecker, Chivers, & Blaustein, 2001). In this study, I found that certain environmental
combinations of temperature and resource availability led to differences in effectiveness of
defense against predation by M. xanthus mutants. These differences varied by M. xanthus
genotype, indicating gene-by-environment interactions in the outcomes of this predator-prey
species interaction (Appendix C, Table 11).
When M. xanthus strains were subjected to lower temperatures (16°C) and low resources
(0% CTT), I found that all growth rates were extremely low (or negative), and there was no
significant difference in growth rates between the presence and absence of predators. This is not
surprising, as these are highly stressful conditions. The same results were true at every increasing
temperature increment, further suggesting that there was no effect of warming on the defense
responses of M. xanthus to C. elegans predation when nutrients are not readily available. In
addition, I determined that under similar conditions, the reduction in growth rates by C. elegans
predators did not significantly speed the decline of the prey populations, signifying that
nematode predators are more effective at reducing growth rate in growing populations.
Similar results were shown when M. xanthus was exposed to various amounts of casitone
at the same low temperature, in which growth rates among strains were all fairly low, and the
impact of C. elegans predation was limited. From the literature, 16°C is generally below the
ideal growth temperature for various M. xanthus mutants in the lab, although exponential growth
is still possible (Janssen et al., 1977). This could explain the negative to very low growth rate
measurements and predator influences at this temperature even with more resources present. As a
47

result, this data shows that there is no effect of resource availability on the growth rates of M.
xanthus and their defensive responses to predators when temperatures are low. These results
were unexpected, as I anticipated strain GVM19 to have significantly greater growth and to be
more effective at resisting predation in the absence of casitone than the other M. xanthus
mutants, as it develops more quickly to the fruiting body phase of development that nematodes
cannot digest (Dahl et al., 2011). Furthermore, I expected GVM26 to reveal the weakest response
to nematode predators at 0% CTT, as this strain develops more slowly to the beneficially
vegetative stage. While these hypotheses were not supported by the current experimental assay,
they could be pursued more directly by investigating fruiting body development and sporulation
more specifically.
On the other hand, I discovered variation the effect of both temperatures and resource
availability escalated. There was also a significant and clear impact of predation as temperatures
went from 20°C-24°C when resources were available for M. xanthus, as compared to 16°C-20°C.
At intermediate (1%) to high (2%) casitone levels and standard (20°C) to high (24°C)
temperatures, there were noticeable growth rate differences and predator effects for certain
mutants. For example, although positive growth occurred at 24°C for DK3470, GJV6, and
GVM26 when compared to the normal temperature, the predation effect was much larger,
indicating that their phenotypic characteristics of a less-sticky consistency, limited motility and
slow development rate became less effective against C. elegans as warming occurred. In
addition, I found that growth rates were amplified at high temperatures for strains GJV1 and
GJV2, and surprisingly, the effect of predation was greatest at standard temperatures. These
results could be interpreted to suggest that the A+S+ genotype is the most effective at resisting
predation at increased temperatures, regardless of resource availability. A reason for the
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decreased predation effect at high temperatures for certain strains could be because 24°C,
although considered a “high” temperature in this study, is still within the permissible range forM.
xanthus growth, whereas it is in the upper limits of the temperature range for C. elegans
(Armstrong, 1983).
Overall, GxE interactions were evident in the outcome of the predator-prey interactions
between C. elegans and M. xanthus (Appendix C, Table 12). GJV1 and GJV2, which have full
maneuverability capabilities, were the most effective at resisting C. elegans predators at elevated
temperatures (24°C) and resources (2%), however, they are almost as effective when normal
amounts of casitone are present (1%). Similar outcomes are true regarding GJV4 and GJV6,
which lack ‘S’ motility. Such results differ from initial predictions that full motility would be a
significantly more effective defense trait, and that GJV1 and GJV2 would be the most successful
at standard temperatures and high casitone concentration. Rapid development to the vegetative
fruiting body stage by GVM19 was also most successful in the presence of inflated temperatures
and standard-high casitone levels, rejecting the prediction that it would be most effective when
resources were not present. On the other hand, slower development expressed by M. xanthus
strain GVM26 resisted C. elegans successfully at high temperatures but intermediate casitone
availability, supporting expectations that it would perform worse against predators when casitone
was absent. Finally, results show that having completely disabled motility and lacking
extracellular fibrils is a significantly weak defense against nematode predators compared to all
others, revealing consequential impacts of C. elegans at high temperatures, regardless of
resource availability.
In conclusion, these results suggest that although abiotic factors such as temperature and
resources both influence the effectiveness of defense traits in responses to predation, temperature
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may be the stronger determinant of the species interaction, beyond a lower threshold of resource
availability. Further analyses that expand the temperature range and/or include more continuous
abiotic gradients would be helpful in how the GxE interactions shape the adaptive surface in the
laboratory predator-prey system.
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